Drug addiction is characterized by compulsive drug-seeking and drug-taking behavior and by a high rate of relapse even after long periods of abstinence. Although the mesocorticolimbic dopamine (DA) pathway is thought to play a critical role in drug craving and relapse, recent evidence also implicates glutamate, an amino acid known to activate DA neurons in the ventral tegmental area (VTA) via ionotropic receptors. To assess whether increased glutamate transmission in the VTA is involved in cocaine-primed drug-seeking behavior, we tested rats in a between-session reinstatement model. They were trained to press a lever for cocaine infusions (0.25 mg/ infusion) accompanied by compound stimuli (light and tone) under a modified fixed-ratio 5 reinforcement schedule. Cocaine-primed reinstatement was conducted after lever pressing was extinguished in the absence of the conditioned stimuli. Blockade of ionotropic glutamate receptors in the VTA by local application of kynurenate (0.0, 1.0, 3.2, and 5.6 mg/side) dose-dependently decreased cocaineprimed reinstatement, whereas sucrose-primed reinstatement of sucrose-seeking behavior was unaffected. In addition, the minimum effective dose for decreasing cocaine-primed reinstatement was ineffective in the substantia nigra. Together, these data indicate that glutamatergic activation of the VTA is critical for cocaine-primed reinstatement. Because such activation can increase impulse flow in DA neurons and thus DA release in mesocorticolimbic targets, this glutamate-DA interaction in the VTA may underlie cocaine-primed relapse to cocaine-seeking behavior.
INTRODUCTION
Drug addiction is characterized by repeated occurrences of drug craving and relapse even after long periods of abstinence (Leshner and Koob, 1999) . It is widely believed that these long-lasting behavioral changes are caused by drug-induced adaptations in brain regions involved in reward, motivation, and learning and memory (Hyman and Malenka, 2001; McClung and Nestler, 2003; Nestler, 2004) . Understanding the mechanisms by which these brain regions contribute to drug craving and relapse is critical for developing an effective therapy for drug addiction.
The mesocorticolimbic circuit, which arises from dopamine (DA) neurons in the ventral tegmental area (VTA) and includes the forebrain regions that receive DA input such as the nucleus accumbens (NAcc) and prefrontal cortex (PFC), appears to be the critical substrate of drug craving and relapse. Imaging studies of cocaine addicts show that both cocaine and cocaine-paired cues increase metabolic activity in this circuit (Maas et al, 1998; Kilts et al, 2001; Grant et al, 1996; Breiter et al, 1997; Childress et al, 1999) . Preclinical studies based on reinstatement models also point to the important role of this circuit in cocaine-seeking behavior (McFarland and Kalivas, 2001; Capriles et al, 2003; McLaughlin and See, 2003) . In fact, preclinical evidence has identified specific receptor mechanisms by which various components of the mesocorticolimbic circuit control behavioral responses to cocaine. For example, DA receptors in the PFC and ionotropic glutamate (iGLU) receptors in the NAcc seem critical for cocaine-primed drug-seeking behavior (Cornish and Kalivas, 2000; McFarland and Kalivas, 2001; Park et al, 2002; Sun and Rebec, 2005) .
Given the important role of DA in cocaine-primed reinstatement, it is expected that the VTA, the source of DA in the mesocorticolimbic circuit, also plays a role in this process. Indeed, infusion of morphine into the VTA induces cocaine-seeking behavior in rats after extinction of responding maintained by cocaine (Stewart, 1984) . The authors suggest that increased DA neuronal activity resulting from morphine-mediated disinhibition of DA neurons (Johnson and North, 1992 ) may be responsible for this effect. In addition, infusion of N-methyl-D-aspartate (NMDA) into the VTA reinstates cocaine-seeking behavior presumably by activating NMDA receptors, a subtype of iGLU receptors (Vorel et al, 2001 ) on DA neurons. Together, these data indicate that activation of DA neurons in the VTA may trigger cocaine-seeking behavior by increasing DA neurotransmission in forebrain structures. It is unclear, however, whether this activation is necessary for cocaine-primed drug-seeking behavior because with a basal level of DA impulse flow cocaine itself can increase extracellular DA levels in the forebrain. If cocaine-primed reinstatement depends on activation of the VTA, it is likely that the information related to cocaine priming is relayed to the VTA from other brain regions.
Several regions including PFC, amygdala, the midbrain tegmental nuclei, and the bed nucleus of the stria terminalis project directly to the VTA (Sesack et al, 2003; Georges and Aston-Jones, 2002) . Most of these inputs are glutamatergic and excite DA neurons (Takahata and Moghaddam, 1998; Almodovar-Fabregas et al, 2002; Georges and Aston-Jones, 2002) . In addition, iGLU receptors mediate the ability of cocaine to elicit long-term potentiation, a putative mechanism for learning, in DA neurons (Ungless et al, 2001) . Together, these data indicate an involvement of VTA glutamate in cocaine effects. It is likely, therefore, that cocaine priming may reinstate drug-seeking behavior by increasing glutamate inputs into the VTA.
To test this hypothesis, we studied the effects of blockade of iGLU receptors in the VTA by infusion of kynurenate (KYN), a nonselective iGLU receptor antagonist (Stone, 1993) , on cocaine-seeking behavior in rats using a betweensession model of reinstatement. KYN was selected because it inhibits glutamate-mediated activation of VTA DA neurons without significantly altering basal activity (Georges and Aston-Jones, 2002) . We also evaluated the behavioral specificity of iGLU receptor blockade by studying KYN effects on cocaine self-administration (SA) as well as on sucrose-maintained and sucrose-reinstated operant responding. Separate groups of rats, moreover, received infusions of KYN into the substantia nigra (SN), which is adjacent to the VTA and houses DA neurons that project primarily to structures in the basal ganglia. The data from this group will help us to evaluate whether diffusion of KYN from the VTA into the SN contributes to our results.
MATERIALS AND METHODS

Subjects
Male Sprague-Dawley rats (350-400 g), bred from rats supplied by Harlan Industries (Indianapolis, IN), were obtained from the departmental breeding colony. They were housed individually in plastic home cages in a temperatureand humidity-controlled colony room on a 12-h light-dark cycle (lights on at 0730). At 1 week before operant training, rats were placed on a restricted diet to reach B85% freefeeding weight. After training, free access to food was available for 1 week before and after surgery. Food restriction was then reinstated to maintain 85-90% of free-feeding weight throughout the experiments. Water was always freely available. The experiments were conducted during the light cycle (between 0900 and 1800). All procedures followed the National Institute of Health Guidelines for the Care and Use of Laboratory Animals and were approved by the Indiana University Animal Care and Use Committee.
Operant Training
Rats were first trained to press a lever for sucrose pellets contingent upon a fixed-ratio 1 (FR 1) reinforcement schedule in a standard operant chamber described elsewhere (Sun and Rebec, 2003) . Each lever press resulted in delivery of one 45 mg sucrose pellet (Research Diet, New Brunswick, NJ) followed by a 10-s timeout signaled by illumination of the house light. After lever-pressing behavior was established, the reinforcement schedule gradually increased to FR 5 and training continued until rats obtained 60 sucrose pellets within 30 min.
Surgery
Rats were anesthetized with ketamine (80 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.). Details of catheterization of the right jugular vein are described elsewhere (Caine et al, 1999) . Briefly, a catheter constructed from PE10 and PE50 tubing (Fisher Scientific, Pittsburgh, PA) was inserted into the right jugular vein. The PE50 end was inserted over the metal tubing of a guide cannula (22 ga, Plastics One, Roanoke, VA), which was bent at a right angle. The guide cannula was threaded under the skin to exit at the top of the skull. After catheterization, rats were fixed in a stereotaxic apparatus. Two guide cannulas (26 ga, Plastics One, Roanoke, VA) were bilaterally implanted 2 mm above the VTA and SN. For the VTA, the guide cannulas were angled 10 o away from the midline (VTA: AP: À5.6 mm, ML: 71.8 mm, and DV: À8.3 mm; SN: AP: À5.6 mm, ML: 72.0 mm, and DV: À8.0 mm, relative to bregma, midline, and skull surface, respectively). Four stainless steel screws were implanted in the skull for support. The cannulas and screws were held in place with dental cement. An obturator (Plastics One, Roanoke, VA) was inserted into each guide cannula to prevent blockage. For the sucrose SA group, the procedure for surgery was the same except that rats were not catheterized. After surgery, all rats were allowed to recover for 1 week during which 0.1 ml (i.v., 10 mg/ml) of gentamicin (Biowhitaker, Walkersville, MD) was given daily, and the catheter was flushed twice a day with heparinized physiological saline (30 U/ml heparin). During the period of cocaine SA, catheter patency was evaluated by injecting 0.1 ml Brevital (1%) as necessary. Loss of muscle tone within 5 s after injection indicates a patent catheter.
Cocaine and Sucrose SA Training
For cocaine SA, two groups of rats (n ¼ 8 for VTA; n ¼ 6 for SN) were trained to press the lever for cocaine in a daily 2-h session contingent upon a modified FR 5 schedule: the first response was reinforced by an infusion of 0.25 mg cocaine in a volume of 0.05 ml accompanied by conditioned stimuli (CS), which consisted of two flashing lights and a tone for 4 s. Delivery of the CS and cocaine was followed by a 16-s timeout period signaled by illumination of the house light. During cocaine infusions and timeouts, responding was recorded but had no programmed consequences. After the first response and cocaine infusion, subsequent infusions and presentations of the CS were contingent upon an FR 5 schedule. The session ended when 2 h passed or 30 infusions of cocaine were delivered, whichever occurred first. After 10-14 days, rats reached training criterion (the number of cocaine infusions varied by o20% in three consecutive training sessions). For sucrose SA (n ¼ 8), rats were trained under an FR 5 reinforcement schedule in daily 30-min sessions. Every fifth response was reinforced by one sucrose pellet followed by a 10-s timeout signaled by illumination of the house light. Rats were trained for 5 days per week and the training continued until the response rate varied by o20% in three consecutive training sessions. Rats usually reached the criterion within 14 days.
Extinction
Extinction training was conducted in daily 30-or 60-min sessions for the sucrose and cocaine SA groups, respectively. During each extinction session, responding was recorded but had no programmed consequences. Extinction training continued until responding fell below 20% of the level during cocaine SA or below 5% of the level during sucrose SA, respectively. These levels were reached in 6-7 days.
Reinstatement
For cocaine-primed reinstatement, rats were given i.p. injection of 10 mg/kg cocaine 3 min before the session started. Lever pressing was reinforced by the CS contingent upon an FR 5 schedule. The session lasted 1 h. An i.p. rather than i.v. injection is preferred for reinstatement testing to eliminate the need to maintain catheter patency for the entire experiment. Our i.p. dose, moreover, is known to reinstate robust cocaine-seeking behavior in rats trained under the same conditions (Sun and Rebec, 2003) . For sucrose-induced reinstatement, the session started with noncontingent delivery of a train of three sucrose pellets spaced 10 s apart, during which the house light was illuminated. Thereafter, the same train was delivered every 3 min. Responding had no programmed consequences during the session, which lasted 30 min. This group was used to evaluate whether KYN infusions nonspecifically affect the motor aspect of reinstated operant responding. Thus, we did not reinforce lever pressing with the CS as in cocaine-primed reinstatement. Informal observation of each animal's behavior was made during the SA, extinction, and reinstatement sessions.
Infusion and Testing Procedures
The effects of bilateral infusions of KYN (0, 1, 3.2, and 5.6 mg/side) on cocaine SA were tested in the VTA and SN groups. Doses were based on pilot studies as well as the literature (Vorel et al, 2001) . To minimize diffusion of KYN from the VTA to the SN or vice versa, we used a relatively small injection volume and chose VTA injection sites at least 0.5 mm away from the SN. Before the SA test sessions, KYN was infused into the VTA or SN in a volume of 0.5 ml through 33 ga injection cannulas (Plastics One, Roanoke, VA), which extended 2 mm below the guide cannula. Infusions occurred over a 1-min period and the injection cannula stayed in place for another minute to ensure drug diffusion. After the infusions, rats were immediately placed in the chambers and the session started 3 min later. The reinforcement schedule was exactly the same as that in the cocaine SA training sessions. Test sessions were conducted on Tuesdays and Fridays. SA training continued between the tests to ensure that responding after tests returned to pretest level. After these experiments, the same groups of rats that went through extinction training were tested with KYN on cocaine-primed reinstatement. Before the reinstatement test sessions, KYN was infused into the VTA or SN followed by i.p. cocaine (10 mg/kg). Rats were then placed in the chambers and the session started 3 min later. Reinstatement test sessions were conducted on Tuesdays and Fridays. Extinction training continued between reinstatement tests to ensure that responding after tests returned to pretest extinction levels. KYN doses and saline were administered in a counterbalanced order to ensure that the four different doses were simultaneously tested in each test session to cancel out any order effect. The effects of KYN on sucrose SA and sucrose-primed reinstatement were tested with the same procedures except that only three doses (0, 1, and 3.2 mg/side) were used to avoid possible nonspecific locomotor effects of 5.6 mg/side (informal observations).
Histology
After the experiments, rats were deeply anesthetized with chloropent (3.3 ml/kg) and transcardially perfused with physiological saline followed by formalin (5%). The brains were removed, soaked in formalin for at least 24 h, sliced at 60 mm thickness, mounted on gelatin-coated slides, and stained with cresyl violet. The positions of the infusion cannula were inspected under a light microscope.
Drugs
KYN was purchased from Sigma (St Louis, MO) and dissolved in physiological saline to prepare different concentrations (0-11.2 mg/ml). The pH of the solutions was adjusted to 7.470.2 with sodium hydroxide. Cocaine hydrochloride was obtained from the National Institute on Drug Abuse (Bethesda, MD) and was dissolved in physiological saline to prepare a solution with a concentration of 5 mg/ml (salt).
Statistics
Responding (lever presses) was recorded during the SA, extinction, and reinstatement sessions. Response rates were calculated as responses per hour for the cocaine SA groups and as responses per minute or 30 min for the sucrose group. Control data were obtained from the training sessions on Thursdays before the tests. A repeated oneway ANOVA was used for analyzing dose-dependent effects and the effects of different doses were compared with Bonferroni's post-tests. A repeated two-way ANOVA was used for analyzing the time-course effects of different doses on cocaine SA. The time Â dose interaction was compared with Bonferroni's post-tests. The significance level was set at 0.05.
RESULTS
Histology
The positions of all microinjection sites are shown schematically in Figure 1 . All placements were within the VTA or SN. Experiment 1. Effects of Bilateral Intra-VTA KYN on Cocaine SA
The time-course effects of different doses of KYN in the VTA on cocaine SA were studied in rats that met the training criteria (n ¼ 8). As shown in the upper panel of Figure 2 , the 2-h session was divided into six 20-min bins. A repeated, two-way ANOVA revealed a significant timedose interaction (F 15,126 ¼ 2.39, P ¼ 0.0045). Bonferroni's tests indicated that both 3.2 and 5.6 mg/side significantly decreased responding in the first two, 20-min bins compared with saline pretreatment (Po0.01). KYN had no significant effects on responding during timeout periods (Table 1 , repeated one-way ANOVA, F 3,21 ¼ 1.72, P ¼ 0.19).
Experiment 2. Effects of Bilateral Intra-SN KYN on Cocaine SA
The time-course effects of different doses of KYN in the SN were studied in another group of rats (n ¼ 6). Due to missing values in the last two bins of the session for one rat, statistical analysis was conducted on the remaining five animals. As shown in the lower panel of Figure 2 , a repeated, two-way ANOVA revealed that there was a significant time Â dose interaction (F 15,72 ¼ 2.10, P ¼ 0.019). Bonferroni's tests revealed that at 1 mg/side, KYN significantly increased responding compared with saline pretreatment (Po0.05). Although there was a Figure 1 Schematic depiction of injection sites in the VTA and SN. Coronal brain section images were adapted from the atlas of Paxinos and Watson (1998) . decreasing trend in responding in the first two bins after 5.6 mg/side compared with saline pretreatment, the effect was not significant. There were, however, significant differences in responding between 1 and 5.6 mg/side in the first two bins (Bonferroni's tests, Po0.05). KYN had no significant effects on responding during timeout periods ( Figure 3 ). Similarly, responding during timeout periods was also decreased at 3.2 and 5.6 mg/side compared with saline pretreatment (Bonferroni's tests, Po0.01). There was also a significant difference in responding between 1 and 5.6 mg/side (Bonferroni's tests, Po0.05). Response patterns of a representative rat under the influence of different doses of KYN are shown in Figure 4 (upper panel).
Experiment 4. Effects of Bilateral Intra-SN KYN on Cocaine-Primed Reinstatement
After extinction training, the same group of rats from Experiment 2 was studied for the effects of iGLU receptor blockade in the SN on cocaine-primed reinstatement. As shown in the lower panel of Figure 3 , KYN decreased cocaine-primed reinstatement in the SN group (a repeated, one-way ANOVA, F 3,15 ¼ 6.58, P ¼ 0.005) compared with saline pretreatment at a dose of 5.6 mg/side (Bonferroni's tests, Po0.01). There was also a significant difference in responding between 1 and 5.6 mg/side (Bonferroni's tests, Po0.05). Responding during timeout periods was not significantly decreased at any doses tested, although there was a decreasing trend. Response patterns of a representative rat under the influence of different doses of KYN are shown in Figure 4 (lower panel).
Experiment 5. Effects of Bilateral Intra-VTA KYN on Sucrose SA
Because 5.6 mg/side KYN in the VTA produced an apparent increase in locomotion during cocaine SA and reinstatement, this dose was not tested on sucrose SA or sucroseprimed reinstatement. As shown in the upper panel of Figure 5 , KYN decreased sucrose SA significantly (a repeated, one-way ANOVA, F 2,14 ¼ 11.3, P ¼ 0.001) compared with saline pretreatment at 3.2 mg/side (Bonferroni's tests, Po0.001). Responding during timeout periods was decreased at 1 and 3.2 mg/side compared with saline pretreatment ( 
Experiment 6. Effects of Bilateral Intra-VTA KYN on Sucrose-Primed Reinstatement
After extinction training, the same rats from Experiment 5 were tested for the effects of KYN on sucrose-primed reinstatement. As shown in the lower panel of Figure 5 , a repeated, one-way ANOVA revealed that none of the tested doses significantly decreased sucrose-primed reinstatement (F 2,14 ¼ 0.08, P ¼ 0.93).
DISCUSSION
Our results indicate that glutamate transmission in the VTA is necessary for cocaine-primed reinstatement since blockade of VTA iGLU receptors with KYN dose-dependently decreased this response. This finding cannot be explained by a nonselective impairment of operant behavior because 3.2 mg/side in the VTA failed to affect sucrose-primed operant responding. Diffusion of KYN from the VTA into the SN is also unlikely because direct infusion of 3.2 mg/side into the SN failed to affect cocaine-primed reinstatement. In fact, a decrease in cocaine SA in the first two 20-min bins after infusion of this dose into the VTA but not into the SN strongly argues against diffusion as a confounding factor. It appears, therefore, that glutamate in the VTA drives drugprimed relapse to cocaine-seeking behavior. In contrast, the role of glutamate in the SN is difficult to interpret. Among the intra-SN doses of KYN tested, only the highest dose (5.6 mg/side) produced a significant decrease in cocaine-primed responding. There are several possible explanations for this effect. First, because DA neurons in the SN are critically important for normal motor function, it is possible that the highest dose of KYN caused a general decline in operant performance. In fact, this dose decreased responding during cocaine SA, although this effect did not reach statistical significance perhaps owing to a small sample size. Because we did not evaluate the effects of intra-SN KYN on operant behavior maintained or primed by sucrose pellets, we cannot rule out a motor effect. Second, it is possible that at 5.6 mg/side some KYN diffuses into the VTA to decrease cocaine-primed responding. A related point is that the injection volume (0.5 ml) may be large enough to encroach on the VTA, although an attempt was made to minimize this possibility by separating the SN and the VTA injection sites by at least 0.5 mm. Third, it is possible that the SN plays a role in cocaine-primed reinstatement. Although temporary inactivation of the SN does not block cocaine-primed reinstatement (McFarland and Kalivas, 2001) , the limited amount of data on this topic prevents a definitive conclusion. Our purpose for including the SN infusion group was to determine if the effects of intra-VTA KYN can be explained by diffusion to the SN. Our results at 3.2 mg/side rule out this possibility.
Some methodological issues also deserve comment. First, in our cocaine-primed reinstatement test, lever pressing was reinforced by the CS. Because rats trained under the same conditions as the current study showed robust cocaine seeking in response to the CS (Sun and Rebec, 2003) , both the CS and cocaine could contribute to the reinstated responding in the present study. The rationale for this protocol is that the CS always plays a role in drug-triggered relapse in human addicts (Childress et al, 1986 (Childress et al, , 1988 . Even if responding were not reinforced by the CS, moreover, we could not completely rule out the possibility that other external cues contribute to reinstatement. It can be argued that although the motivational value of contextual cues is extinguished in the absence of cocaine during extinction training, these cues may regain their motivational value when rats are tested under the influence of cocaine (statedependent effects). Thus, unless the reinstatement test is conducted in a different environment in the absence of discrete cues, it is unlikely that the effects of external cues on cocaine-primed reinstatement can be completely eliminated. We did not attempt to distinguish among these reinstatement triggers because in human addicts druginduced craving or relapse is always accompanied by the CS (Childress et al, 1986 (Childress et al, , 1988 and the CS as conditioned reinforcers may be very important in sustaining drugseeking behavior. Increased DA in the NAcc has been implicated in cue-induced reinstatement (Taylor and Robbins, 1984; Robinson and Berridge, 2003) . Given the important role of DA in the dPFC and NAcc in cocaineseeking behavior induced by cocaine and cocaine-paired Glutamate transmission in VTA and cocaine seeking WL Sun et al cues, respectively, blockade of iGLU in the VTA should decrease DA input to both regions and thereby decrease both processes. It is unlikely that the differential effects of KYN on cocaine-and food-seeking behaviors are only due to blockade of the cue effects in cocaine-primed reinstatement. A second methodological issue is that higher levels of cocaine-primed responding were observed in the present experiment compared to those in the literature (McFarland and Kalivas, 2001; Park et al, 2002; Fuchs et al, 2004) . The difference may be related to training doses, reinstatement schedules, training histories, and whether responding is reinforced by the CS. Finally, repeated microinjections may damage the injection site and thus confound the results. Inspection of brain slices, however, did not reveal extensive gliosis surrounding the injection sites. It is unclear, moreover, to what degree mechanical damage may affect cocaine-seeking and cocaine-taking behavior. Since the order of doses including vehicle was counterbalanced, a potential lesion cannot explain our dose-dependent effects of KYN.
Blockade of NMDA receptors in the VTA increases locomotion in rats (Cornish et al, 2001) , a finding consistent with our informal observation that intra-VTA KYN at 5.6 mg/ side increased locomotion. Thus, one could argue that this change in locomotion may have confounded our results by interfering with operant behavior. This explanation, however, is at odds with our finding that at 3.2 mg/side intra-VTA KYN decreased cocaine-primed reinstatement but failed to affect sucrose-seeking responding induced by sucrose. In fact, this finding supports evidence that the VTA is not critically involved in food-primed food-seeking behavior (McFarland and Kalivas, 2001) . Another issue to consider is the stereotyped pattern of motor activation induced by cocaine (Ushijima et al, 1995) . It is conceivable, for example, that during cocaine SA, lever pressing becomes part of a stereotyped motor response. We found, however, that stereotyped activity induced by cocaine occurred away from the lever and was manifest as burst grooming and head bobbing. No persistent bar pressing was observed, although a form of this behavior was seen in a previous study (Sun and Rebec, 2005 ). It appears, therefore, that KYN in the VTA acted directly on the mechanisms underlying drug-primed reinstatement and not on the neural substrates of movement.
The source of the glutamate input after cocaine priming remains to be determined. Two potential brain stem sources, the midbrain tegmental nuclei and the bed nucleus of the stria terminalis (BNST), have not been studied for a role in drug-primed reinstatement. Although the amygdala, which sends glutamate fibers directly to the VTA, is crucial for cue-induced reinstatement (Meil and See, 1997; Everitt et al, 2001; Fuchs et al, 2002) , amygdaloid involvement in cocaine priming is controversial (McFarland and Kalivas, 2001; Kantak et al, 2002) . The ventral subiculum (vSUB), moreover, is an unlikely source since no direct connections to the VTA have been identified. It is interesting, however, that the vSUB projects directly to the PFC (Jay and Witter, 1991) , which in turn projects to the VTA (Sesack et al, 2003) . Thus, vSUB stimulation could act via the PFC to increase VTA glutamate. Because both the PFC and VTA have been implicated in cocaine-primed reinstatement, it is important to know how these two structures interact to elicit this response.
There are reciprocal connections between the PFC and VTA (Sesack et al, 2003) . DA neurons innervated by PFC project back to PFC (Carr and Sesack, 2000) . This specific connectivity provides a direct feedback mechanism between the PFC and VTA. Because cocaine-primed reinstatement depends on increased glutamate inputs from the PFC to the NAcc (Baker et al, 2003; McFarland et al, 2003) as well as DA input to PFC (McFarland and Kalivas, 2001; Park et al, 2002) , PFC DA may be critical for the glutamate response. It is tempting to suggest, therefore, that an increase in PFC DA after cocaine priming may enhance the activity of PFC output neurons and thereby drive drug-seeking behavior. Although there is no convincing evidence that DA strongly excites PFC output neurons, it appears to modulate such activity. For example, the resting membrane potentials of PFC output neurons alternate between an 'up' state when they can generate impulses and a 'down' state when they are silent Peters et al, 2000) . DA appears to switch neurons from the 'down' to the 'up' state and to increase resident time in the 'up' state Lavin and Grace, 2001 ). In fact, the 'up' state is synchronized with VTA activity (Peters et al, 2004) . Consequently, DA can increase the chance for output neurons to fire and prolong the duration of such activity at a given excitatory input in the PFC. Another interesting observation is that PFC regulates the activity of VTA neurons (Takahata and Moghaddam, 1998; AlmodovarFabregas et al, 2002) . It is conceivable, therefore, that increased DA after cocaine priming may increase PFC output activity, which, in turn, activates VTA DA neurons and thus helps to sustain activity in PFC outputs. This positive interaction between PFC and VTA may underlie persistent drug-seeking behavior after cocaine priming.
The VTA also sends DA terminals to the NAcc where it is involved in cocaine reinforcing effects (Maldonado et al, 1993; McGregor and Roberts, 1993; Phillips et al, 2003) . It is conceivable that blockade of VTA iGLU receptors decreases cocaine-primed reinstatement by interfering with DA in the NAcc. The evidence for the role of NAcc DA in cocaineprimed reinstatement is inconsistent. Although direct blockade of DA receptors in NAcc core fails to decrease cocaine-primed reinstatement, microinjection of DA into the core reinstates cocaine-seeking behavior (McFarland and Kalivas, 2001; Anderson et al, 2003; Cornish and Kalivas, 2000) . Because cocaine itself increases extracellular DA, which is sufficient to induce cocaine-seeking behavior, it is unclear how to reconcile these results. Vezina (2004) proposes that reinstatement of drug-seeking behavior is not dependent on NAcc DA, the expression of enhanced reinstatement is. The evidence for the involvement of the NAcc shell is also inconsistent. For example, inactivation of the shell does not affect cocaine-primed reinstatement, whereas blockade of shell D1 DA receptors does (McFarland and Kalivas, 2001; Anderson et al, 2003) . Further investigations of this issue are warranted.
Although the specific involvement of VTA iGLU receptors in cocaine SA has yet to be studied, there is evidence implicating the VTA in such behavior (Ranaldi and Wise, 2001; Ikemoto and Wise, 2002) . It is possible, therefore, that blockade of iGLU receptors in the VTA decreases cocaine-primed reinstatement by interfering with cocaine reinforcing effects. Indeed, at the dose that decreased cocaine-primed reinstatement, KYN also decreased cocaine SA. Intra-VTA KYN blocks the activation of VTA DA neurons induced by electrical stimulation of the BNST or chemical stimulation of the vSUB (Legault et al, 2000; Georges and Aston-Jones, 2002) . In addition, the same studies demonstrate that the increase in DA efflux in the NAcc induced by chemical stimulation of the vSUB is blocked by intra-VTA KYN and that intra-VTA KYN alone does not increase either VTA DA neuronal activity or DA efflux in the NAcc. Together, these data suggest that KYN decreases the reinforcing effects of cocaine by blocking the increase in NAcc DA transmission during cocaine SA. Thus, one explanation for the effect of KYN on cocaine-primed reinstatement observed here is that KYN decreases the reinforcing effects of cocaine. Interestingly, however, some iGluR antagonists alone produce reinforcing effects in the VTA (Harris and Aston-Jones, 2003; David et al, 1998) . Although this finding leaves open the possibility that KYN may potentiate cocaine reinforcement and thereby decrease cocaine SA by a satiety mechanism, we have already pointed out that intra-VTA KYN does not enhance DA transmission (see above). Thus, if there is a satiety effect, it must operate independently of DA. Noteworthy in this regard is evidence that intra-VTA NMDA receptor antagonists increase locomotion by reducing the tonic activity of GABAergic neurons that project to the forebrain resulting in forebrain disinhibition (Cornish et al, 2001 ). The same mechanism may underlie the reinforcing effects of iGluR antagonists in the VTA. Satiation caused by enhanced cocaine reinforcement, moreover, is unlikely to explain the effects of intra-VTA KYN on reinstatement given that intra-VTA KYN blocks cocaineseeking behavior induced by electrical stimulation of the vSUB and that microinjections of NMDA, not KYN, into the VTA reinstate cocaine-seeking behavior (Vorel et al, 2001) .
Recently, it has been suggested that blockade of iGluR in the VTA blocks the ability of rats to associate cocaine with the environment (Harris and Aston-Jones, 2003) . Thus, the cueing effects of cocaine-conditioned contextual stimuli may require activation of the VTA via iGluR. One could argue, therefore, that the effect of intra-VTA KYN on reinstatement is due to blockade of the cueing effects of the CS. Note, however, that robust cocaine-seeking behavior can be reinstated by cocaine alone in the absence of the conditioned cues McFarland and Kalivas, 2001 ). Thus, our observation of a robust decrease in cocaine-seeking behavior after cocaine priming cannot be explained solely by a blockade of cueing effects.
In summary, our results demonstrate that blockade of VTA iGLU receptors specifically decreased cocaine-primed reinstatement, suggesting that increased glutamate inputs into the VTA after cocaine priming is critical for reinstatement. Further investigations into the role of brain regions that innervate the VTA will enhance our understanding of the neural substrates of cocaine relapse.
